Poly(2,5-dimethoxyaniline) (PDMA) has been synthesized by chemical oxidative polymerization technique using varying ratio (wt/wt) of binary oxidants; ferric chloride (FeCl 3 ) and ammonium persulfate (APS). Fourier transform infrared (FT-IR) and ultraviolet-visible (Uv-vis) spectroscopic investigations provide the evidence of the presence of both benzenoid and quinoid ring units. The thermal analysis and structural characterization data suggests that the oxidant ratio greatly controls the molecular ordering in PDMA. Surface morphology shows the existence of both amorphous and crystalline domains wherein the crystalline domain size depends on the oxidant ratio. The dc conductivity (σ dc ) of PDMA is also a function of binary oxidant ratio and at FeCl 3 :APS (50:50), it increases by two orders of magnitude. Films of PDMA synthesized using FeCl 3 :APS (50:50) binary oxidant exhibits a decrease in the surface current on exposure to ammonia gas.
Introduction
Conducting polymers, because of their application in a variety of technologically important devices such as sensors, organic field effect transistors, rechargeable batteries, organic photovoltaics and energy storage systems, have been of great research interest for the last two decades [1] [2] [3] [4] [5] [6] . This is a natural consequence of their remarkable chemical and physical attributes. The fact that the opto-electronic and magnetic properties of conducting polymers are dependent on the synthesis and processing conditions and offers unique opportunity of tailoring the former by manipulating the later. The one dimensional nano-structured conducting polymers are also of interest to researchers because of its applications in molecular, electronic and electrochromic display devices [7] . It has been shown [8] [9] [10] that the electronic transport of conducting polymers bears a strong correlation with its structural and morphological factors. Among the family of conducting polymers, polyaniline (PANI) is one of the most widely investigated materials [11] . The key factors that have driven extensive research on PANI are its high conductivity, environmental stability and low cost of synthesis. The major applications of PANI have been in the area of anti-corrosion coatings, sensors and electrochromic devices [5, 7, 12] . In spite of its wide applicability, the limiting factor of PANI is its poor processability in common organic solvents as well as its thermal degradation during melts processing.
Poly(2,5-dimethoxyaniline) (PDMA) is a derivative of PANI and has same conjugated backbone. It exists in three distinctive forms with varying ratio of benzenoid and quinoid ring units present such as: 1) leucoemeraldine; 2) pernigraniline and 3) emeraldine forms (Figure 1) . The extent of presence of one or more forms depends upon the synthesis conditions and the post synthesis treatments. The electrical conductivity of PANI is mainly governed by the presence of these forms. In order to improve its processability, complexation of polyaniline with sulphonic acid has been attempted earlier [13] . Another path to make the PANI solution processable is the use of substituted polyanilines i.e. making derivatives of polyanilines [14, 15] . In case of processable substituted PANI, it has been observed that the di-substituted PANI exhibits higher conductivity as compared to its monosubstituted form. PDMA has higher conductivity than poly(2-methoxyaniline) [16] . Nano-particles synthesized by PANI are also widely reported in literature as they are processable by dispersion in common organic solvents [11] . One dimensional nano-structures of PANI is being synthesized by chemical oxidative or electrochemical polymerization of monomer with the help of surfactant acting as a template, [17] whereas PANI nanorods and nanotubes have been synthesized without using any surfactant [8, 18] . Formation of a cluster of hexagonal nanorods of PANI is also reported in literature [10] by using binary oxidants during its synthesis. The advantages of nano-structured polymers are its better carrier transport and electrochemical activity. Recently, the room temperature dc conductivity (σ dc ) and the charge transport in PDMA has been reported and explained by using Mott's three dimensional variable range hopping (3D-VRH) conduction mechanism [19] .
We report here the influence of binary oxidants such as ferric chloride (FeCl 3 ) and ammonium persulfate (APS) ratio on the spectroscopic, microscopic and electrical properties of chemically synthesized PDMA. The structure-conductivity correlation is evidenced by the change in the ratio of binary oxidant, which controls the crystallinity as well as its electrical conductivity. The possibility of using PDMA as ammonia gas sensing device is also explored.
Experimental
Different samples of PDMA have been synthesized by using chemical oxidative polymerization technique in acidic medium (pH ~ 2) at 278 K in an inert atmosphere by varying the ratio of oxidants (wt/wt ratio) i.e. ferric chloride (FeCl 3 ) and ammonium persulfate (APS). The details of synthesis procedure and purification process to get pristine PDMA have been reported in our recent work [19] . Five samples of PDMA were synthesized and designated as PDMA1, PDMA2, PDMA3, PDMA4 and PDMA5 as per the ratio of binary oxidants ( Table 1) . The percentage yield of PDMA3 having FeCl 3 :APS (50:50 wt%) is higher than other four samples of PDMA.
Fourier transform infrared (FT-IR) measurements were carried out on the powder form of the samples; PDMA1, PDMA2, PDMA3, PDMA4 and PDMA5 using Nicolet FT-IR spectrometer in the range 4000 -400 cm -1 . Ultraviolet-visible (Uv-vis) spectrograms of the above mentioned samples were obtained using Perkin-Elmer Cambda 25 spectrometer in the range 200 -1100 nm. Solution of PDMA was casted by solution evaporation technique at room temperature on quartz substrate for Uv-vis characterization. Scanning electron microscopy (SEM) was performed by Leo 440 and Ziess EVO MA-10 scanning electron microscope in order to examine the structural morphology of the synthesized polymer. X-ray diffraction patterns were taken by Rigaku-make Powder X-ray diffracttometer by using Cu-Kα (λ = 1.5404 Å) radiation. The room temperature dc conductivity (σ dc ) measurement, on rectangular pellets of all the samples in a metal-polymermetal (m-p-m) structure, has been performed by using Keithley 6517A Electrometer. The σ dc of all the samples [19] along with their percentage yield are reported in Table 1 .
Aqueous solution of partially soluble sample PDMA3 was spin casted on indium-tin-oxide (ITO) coated glass substrate. The pressure contacts were made through copper clips on ITO substrate and change in the surface current of the casted film on exposure to different volume of ammonia gas (purity ~ 99.99%) was measured using Keithley 4200 Semiconductor Characterization System. A cylindrical teflon cell (dia. × height ~ 4 × 8 cm 2 ) was designed for ammonia sensing applications in which the sample was hanged and connections were taken through O-ring. The cell was evacuated using oil free rotary pump and sample was flushed by pure nitrogen gas before each sensing measurement. The changes in surface current was measured through I-V investigation with respect to blank run done in absence of ammonia gas to that of the surface current after insertion of measured volume of ammonia gas (2, 5, 7 and 10 cc) into the Teflon cell. oxidative states of PDMA (with varying ratio of benzenoid and quinoid ring units present such as (a) leucoemeraldine, (b) pernigraniline and (c) emeraldine. The experimental observations of the present work have been explained in terms benzenoid and quinoid ring units whose ratio governs the overall behavior of the synthesized polymer. FT-IR and Uv-vis. spectroscopic investigations confirm the existence of combinations of benzenoid and quinoid forms in PDMA synthesized for the present investigation.
Results and Discussion

FT-IR Analysis
FT-IR spectra of PDMA1, PDMA2, PDMA3, PDMA4 and PDMA5 are shown in Figure 2 .
The significant band assignments of the characteristic absorption peaks are listed in Table 2 . The key absorption bands that occur in FT-IR spectra of PDMA at 1500 -1600 cm -1 and 1400 -1500 cm -1 are assigned to the quinoid and benzenoid ring units, respectively [20] . These bands are observed in all the samples synthesized for the present work. The peak at ~1740 cm -1 , arising due to aromatic -C=O stretching vibration, has been observed in the samples; PDMA2, PDMA3, PDMA4 and PDMA5. However, it could not be observed in PDMA1 i.e., the sample synthesized by 100% FeCl 3 . This arrival of the peak can be due to over oxidation of conjugate moiety which in turn influences the carrier mobility. The bands that appear in the range of 1280 -1300 cm -1 correspond to the characteristic C-N stretching [21] vibration and provide evidence of the presence of aromatic amine unit in PDMA. The absorption at 1200 -1220 cm -1 can be attributed to the combined stretching vibration of C-N + and C-C. The in-plane and out of-plane bending of C-H vibrations are indicated by the presence of absorption peaks at 1027 and 815 cm -1 , respectively. These are the characteristic bands of 1,4 substituted aromatic nuclei i.e. bridging of two aromatic benzene ring units through C-N-C bonding at 1,4-position [20, 22] . These bands confirm the synthesis of polymer PDMA. There is also a signature of cross linking of 1,2 and 1,3-substituted aromatic nuclei, which can be observed in the range of 700 -600 cm -1 . The absorption band due to quinoid ring unit shows a decrease in its intensity relative to benzenoid ring unit while going from PDMA1 to PDMA3. However, from PDMA3 to PDMA4, the absorption band of benzenoid ring unit shows a significant presence together with the quinoid ring unit. This behavior depicts the preference of benzenoid ring unit over quinoid ring unit for the polymer synthesized by binary oxidant FeCl 3 and APS in 50:50 (wt%) ratio (PDMA3), and hence a good oxidation as well as doping are obtained.
Uv-Vis Analysis
Uv-vis spectra of various samples of PDMA are shown in Figure 3 . The absorption band at 300 -330 nm corresponds to π-π * transition in the benzenoid ring unit whereas the broad absorption band in the range of 480 -640 nm has been attributed to the charge transfer exciton of the quinoid ring unit in the PDMA [10, 20, 23] . This broad absorption band at 480 -640 nm is the conformation of the polymer oxidation and may be considered as a characteristic of the degree of oxidation of the polymer. It can be seen in Figure 3 that the peaks in the range 300 -330 nm and 400 -500 nm are not sharp but rather broad and diffused. This may be due to the fact that FeCl 3 oxidant prefers the presence of benzenoid ring unit as compared to quinoid ring unit. The photophysical characterizations (FT-IR and Uv-vis) of PDMA2 and PDMA4 show almost similar behavior with a slight variation in absorption intensity in Uv-vis spectra in the range 300 -330 nm. Since there is no change in the position of the peak and only the intensity of the peak (300 -330 nm) is higher for PDMA2 as compared to PDMA4, it can be said that the benzenoid units in the polymer architecture dominates over quinoid units. Ginder et al. [24] have observed that the increase in the dihedral angle or the torsion angle between the adjacent aromatic rings of the polymer could cause a hypsochromic shift.
It can be seen in Figure 3 that the peak at 337 nm in PDMA3 would show a similar hypsochromic shift if it goes on either side of the disproportionate ratio of oxidants for polymerization i.e. either towards PDMA1 or PDMA5. This behavior could be explained by the steric factors which indirectly affect the dihedral angle of the adjacent ring units [24] .
Thermal Analysis
The thermal analysis of the PDMA samples has been performed by differential scanning calorimetry (DSC) in the temperature range 25˚C -450˚C at scan rate of 10˚C·min -1 under nitrogen atmosphere. As a representative result, the thermograms for samples PDMA1, PDMA3 and PDMA5 are shown in Figure 4 . There are mainly three regions (25˚C -150˚C, 150˚C -300˚C and 300˚C -450˚C) of energy change observed in PDMA samples which comprise of two endothermic peaks and one exothermic peak, respectively.
The first endothermic peak observed in the range 25˚C -150˚C can be attributed to the release of solvent entrapped in the PDMA samples. This peak has been observed at ~100˚C, 110˚C and 90˚C, for PDMA1, PDMA3 and PDMA5, respectively. The second endothermic peak has been observed in the temperature region 150˚C - 300˚C of the thermogram. The change in energy in this region is associated with the morphological changes [25, 26] taking place due to melting of the polymer. This indicates that the peaks are centered around glass transition temperature (T g ) which is ~207˚C, 275˚C, and 180˚C for samples PDMA1, PDMA3 and PDMA5, respectively. Although for sample PDMA1, the peak around T g is a broad hump but its center is near ~207˚C. The well-defined peak corresponding to melting of PDMA is observed for PDMA3. This peak also shows a shift in T g towards higher temperature for PDMA3 and is due to its enhanced crystallinity as compared to PDMA1 and PDMA5. The third exothermic peak, arising in the temperature region 300˚C -450˚C, is due to the degradation of the polymer backbone. Thermogram of a crystalline matrix will have a sharp temperature zone for the degradation and will broaden as the amorphousity gets enhanced in the polymer matrix [27] . Thus the well-defined and sharp peak of degradation for PDMA3 again indicates the higher order of crystallinity in this sample as compared to PDMA1 and PDMA5.
X-Ray Diffraction Analysis
The conducting polymers are usually amorphous/semicrystalline in nature but their characteristic X-ray diffraction (XRD) peaks due to π-π * interaction have been reported in literature [28] . XRD patterns of PDMA1, PDMA2, PDMA3, PDMA4 and PDMA5 are depicted in Figure 5 .
XRD data revels that the polymer crystallinity is strongly dependent on the ratio of the two oxidants used for polymer synthesis. PDMA1 synthesized with FeCl 3 (as the only oxidant) shows a broad hump and the XRD spectrum is amorphous in nature. The addition of APS in the binary oxidants (FeCl 3 and APS) induces crystallinity as is evident from the appearance of sharp peaks when the APS content increases in PDMA samples (PDMA2 to PDMA5). The intensity counts increase for sample PDMA1 to PDMA3, then there is a reduction in the intensity counts for the PDMA samples, PDMA4 to PDMA5. The XRD study reveals that the polymer with the oxidant ratio FeCl 3 :APS (50:50) i.e. PDMA3, has the highest crystallinity which indicates that it has a better structural ordering. Sample PDMA2 and PDMA4 show similar photophysical behavior. However, PDMA2 shows a few crystalline peaks at lower 2θ value which is not observed in PDMA4 indicating thereby slight better ordering in overall structure of PDMA2. The crystallinity of PDMA is governed by two competing factors. The cross linking between 1,2-and 1,3-disubstituted aromatic nuclei leads to amorphousity whereas the presence of benzenoid ring units results in better laminar stacking and crystallineity which is generally attributed to the ordering of polymer chains as well as the extent of formation of benzenoid or quinoid ring units. The addition of APS in the binary oxidant brings about regular pattern and better ordered form of benzenoid structure leading to better crystallinity. Hence the photo-physical characterization and thermal analysis results elucidated above have been confirmed by X-ray diffraction data.
Morphological Analysis
Although the scanning electron micrographs of all the PDMA samples has been reported in our recent work, [19] the same has been reported here on single magnifycation (Figure 6) for showing its correlation with X-ray diffraction ( Figure 5 ) and dc conductivity (Figure 7) data. In Figures 6(a) -(e) the amorphous and crystalline regions are distinctly visible which are represented by arrows and ellipses, respectively. The larger grains appear to be composed of thin (nearly two dimensional) sheets of polymer stacked together forming micron size grains. As discussed above, the ratio of APS and FeCl 3 seems to play an important role in determining the morphology and crystallinity of PDMA. The largest grains are observed in PDMA3 synthesized with the binary oxidant FeCl 3 :APS (50:50 wt%). However, it is interesting to note that the amorphous regions are minimum in PDMA5, which was prepared with only APS. This sample shows the growth of some needle type gains of varying dimensions in addition to micron size grains. PDMA1 shows nearly amorphous character and is devoid of any structural ordering. It is evident from Figure 5 that crystallinity increases as we go from sample PDMA1 to PDMA3. The X-ray diffraction results agree well with the surface morphologyical behavior of PDMA in the present investigation.
Room Temperature dc Conductivity (σ dc )
The variation of σ dc data of different PDMA samples as a function of oxidant ratio (FeCl 3 :APS) is shown in Figure  7 at room temperature (~300 K). It is evident from Figure 7 that as the APS content increases, the σ dc increases upto a ratio of 50:50 (FeCl 3 :APS) content and after that it decreases. It has been reported in literature [29, 30] that the magnitude of dc conductivity increases with increase in number of benzenoid ring units in PDMA back-bone. However, with the introduction of APS in the binary oxidants, the enhanced cross-linking and interconnectivity between the grains also contribute to the variation in the room temperature dc conductivity (σ dc ). The dependence of dc conductivity on the ratio of oxidant indicates that the extent of benzenoid structure and cross-linking due to incorporation of APS are optimized in case of sample PDMA3 resulting in maximum value of σ dc for this sample. Further increase of APS in binary oxidant (PDMA4 and PDMA5) results into increased cross linkages of the polymer thus decreasing the dc conductivity ( Table 1) . The observed dc conductivity data (Figure 7 ) is in accordance with the structural, thermal and photophysical investigations presented above. The above discussion supports that the structural and electrical properties are influenced by the extent of presence of FeCl 3 and/or APS in the binary oxidant used for the synthesis of conducting polymer PDMA for the present investigation.
exposed to the vapor of an analyte, the active sensing material of the sensor interacts with the analyte, causing changes in physical properties of the sensing material. PDMA is a substituted form of PANI and its doped state can be controlled by acid/base reactions. This is widely used to detect acidic and basic gases. Figure 8 shows the variation of surface current of sample PDMA3 with exposure to different volume of ammonia gas. When PDMA is exposed to ammonia gas, it undergoes dedoping by deprotonation leading to decrease in the surface current. This is due to the fact that the protons on -NH-group get transferred on to NH 3 molecules to form ammonium ions whereas PDMA itself turns into its conjugated-base form. This process is reversible, and in fact, when ammonia atmosphere is removed, the ammonium ions can be decomposed into ammonia gas and proton. After reaction with acidic gases, such as HCl, H 2 S and CO 2 (in presence of water), PDMA gets protonated [31] [32] [33] [34] . It has been reported [31] earlier that H 2 can be adsorbed on to the positive charged nitrogen atoms of PDMA, and then gets dissociated into hydrogen atoms. The formation of new N-H bonds between the hydrogen and nitrogen has reduced the surface current of PDMA [35] . The inset of Figure 8 exhibits the proportional dependence of the percentage change in surface current with respect to different amount of exposed ammonia gas.
Conclusion
The photo-physical investigations indicate the presence of combination of benzenoid and quinoid structure in PDMA. APS in the binary mixture of oxidant controls the ordering in the polymer leading to crystalline peaks in XRD data. SEM shows the presence of amorphous and crystalline domains. By altering the ratio of FeCl 3 to APS in the reaction mixture, better photo-physical and structurally ordered polymer PDMA3 has been synthesized. DSC confirms the better crystallinity for sample PDMA3. From the present investigations it has been concluded that the PDMA3 synthesized by binary oxidant ratio of (FeCl 3 :APS) (50:50 wt%) gives better photo-physical and structurally ordered polymer. PDMA3 not only exhibits maximum conductivity ( Table 1 ) but also shows surface electrical behavior susceptible to absorbed ammonia gas. The percentage change in surface current shows a proportional increase with increase in volume of exposed ammonia gas.
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